Abstract. This review discusses the land-surface-atmosphere interaction using observations from two North American field experiments (First International Satellite Land Surface Climatology Project Field Experiment (FIFE) and Boreal Ecosystem Atmosphere Study (BOREAS)) and the application of research data to the improvement of land surface and boundary layer parameterizations in the European Centre for Medium-Range Weather Forecast (ECMWF) global forecast model. Using field data, we discuss some of the diurnal and seasonal feedback loops controlling the net surface radiation and its partition into the surface sensible and latent heat fluxes and the ground heat flux. We consider the impact on the boundary layer evolution and show the changes in the diurnal cycle with soil moisture in midsummer. We contrast the surface energy budget over the tropical oceans with that over both dry and wet land surfaces in summer. Results from a new ECMWF model with four predicted soil layers illustrate the interaction between the soil moisture reservoir, evaporation and precipitation on different timescales and space scales. An analysis of an ensemble of 30-day integrations for July 1993 (the month of the Mississippi flood) showed a large sensitivity of the monthly precipitation pattern (and amount) to different initial soil moisture conditions. Short-range forecasts with old and new land surface and boundary layer schemes showed that the new scheme produced much better precipitation forecasts for the central United States because of a more realistic thermodynamic structure, which in turn resulted from improved evaporation in an area that is about 1-day upstream. The results suggest that some predictability exists in the extended range as a result of the memory of the soil moisture reservoir. We also discuss briefly the problem of soil moisture initialization in a global forecast model and summarize recent experience with nudging of soil moisture at ECMWF and improvements in the surface energy budget coming from the better prediction of clouds.
Introduction
This review discusses, in the context of the Global Energy and Water Experiment (GEWEX) Continental Scale International Project (GCIP), some recent research on the land surface-atmosphere interaction over the North American continent based on observational and model studies. We shall Iirst review some of the physics of the land surface-atmosphere interaction using data from the First ISLSCP (International Satellite Land Surface Climatology Project) Field Experiment (FIFE) , and the Boreal Ecosystem Atmosphere Study (BOREAS) [Sellers et al., 1995] . We then discuss the application of research data to the validation and improvement of near-surface parameterizations in global forecast models. These forecast model studies have further deepened our appreciation of the importance of the surface boundary condition over land in controlling weather and climate on different timescales. Over the oceans, the surface boundary. condition represented by the sea surface temperature (SST) is well known to play a major role in forcing the Mexico in a northward boundary layer flow over Mexico, Texas, and Oklahoma, curving gradually eastward over the plains [Rasmusson, 1968 [Rasmusson, , 1971 . Precipitation is often the result of severe storms, which are triggered by upper air disturbances coming from the west. Benjamin and Carlson [1986] and Lanicci et al. [1987] propose another mechanism for the control of precipitation by upstream surthce evaporation. They demonstrate that the warm air coming from the plateau of Mexico with a southwesterly wind puts a lid on the moist air coming from the south from the Gulf of Mexico. The dift•rential advection plays a crucial role in this mechanism. When the soil is more moist over the Mexican plateau the heating is smaller, the capping inversion is weaker, and convective precipitation is not inhibited.
The second topic of this paper is the development of improved forecast models, and in particular the European Centre tbr Medium-Range Forecasting (ECMWF) model. Over land, only air temperature and humidity, wind and precipitation are measured synoptically, and these have long been used as measures of the accuracy of forecast products. Recently, data from the FIFE experiment were used to directly identify systematic errors in the model parameterizations over land . Data from this and other field programs were then used to develop improved land surface and boundary layer parameterizations tbr the ECMWF model . Results from the new model illustrate the interactions discussed above between the soil moisture reservoir, evaporation, and precipitation on different timescales and space scales. An analysis of an ensemble of 30-day integrations for July 1993 (the month of the Mississippi flood) showed a large sensitivi .ty of the monthly precipitation amount and pattern to different initial soil moisture conditions [BeO'aars et al., 1995]. Short-range forecasts with old and new land surface and boundary layer schemes showed that the new scheme produced much better precipitation forecasts for the central United States due to a more realistic thermodynamic structure, which in turn resulted from improved evaporation in an area that is about one day upstream, in agreement with the observational studies cited above.
Finally, this review briefly discusses the problem of soil moisture initialization in a global tbrecast model, and summarizes recent experience with nudging of soil moisture in the ECMWF model. In general, the results suggest that improved predictability exists in both short and extended range forecasting, due to the memory of the soil moisture reservoir. vegetation and aerosol has been indicated as a light dashed line as a reminder of the periodic burning of forests, which add aerosol to the atmosphere and reduce the incoming net radiation. The light line marked stomatal closure is the vegetative control on evaporation in warm dry atmospheric conditions. We will discuss the components of Figure 1 in sequence, starting with the surface radiation budget (SRB) which drives the strong diurnal surface cycle over land. Then we discuss the partition of the SRB into the sensible (SH) and latent heat (LH) fluxes, which drive the diurnal cycle of the boundary layer (BL), often producing clouds and sometimes precipitation.
Physical Processes

Surface Radiation Budget
The solar terms are the dominant terms in this budget, at least during the daytime and in summer. Reflection and absorption by clouds and aerosol reduce the incoming solar radiation at the surt•ce; while the surtkce albedo varies from as little as 8% for northern conitbr forests to 80% tbr fresh snow over grassland. Figure 2 shows the seasonal variation of albedo using data from the BOREAS experiment in Canada for 2 grassland sites (solid lines), a deciduous aspen site (light dashes) and 2 conifer sites (one of jack pine (,heavy dashed) and one mostly spruce (dotted)). The data are 15-day averages plotted against Julian day for 1994. The five sites are at Saskatoon (SK), Meadow Lake (MD), Prince Albert Park (PA), Thompson (TH), and a stand of old jack pine (OJP) west of difference in albedo between torest and grassland has been Thompson. In winter, the albedo is as high as 80% over snow shown to have an important impact on precipitation in models on grassland (generally less over the forests, where snow does because of the greater absorption of energy at the surthce (e.g. not stay long on the canopy). One consequence is that the A(yb•e and Rowntree, [1991] and for the grassland to desert incoming net radiation is near zero even in the daytime over transition, see Charney et al., [1977] . snow covered grassland in midwinter. The higher summer albedo of grassland (20%) means that the energy available for transfer to the atmosphere as sensible heat and latent heat is reduced. The albedo of the deciduous aspen increase with leafup from a minimum of 11% in the spring to about 16% in midsummer. In summer, the conifers have the lowest albedo.
The curve near 10% is for a stand ofjack pine, while the lower curve near 8% is a more dense canopy of mostly spruce. The There is a long timescale feedback loop between vegetation, fires, aerosol and surface radiation budget (SRB), which is indicated schematically by the light dashed line in Figure 1 linking vegetation and aerosol. The northern Boreal forests burn every century. or so, and the fires occur preferentially in dry summers. These fires reverse the uptake of carbon from the atmosphere, which occurs over long time periods during photosynthesis driven by the incoming photosynthetically active radiation (,PAR). The smoke aerosol reduces PAR at the surface. Figure 3 illustrates the impact of smoke aerosol from burning forest fires over northern Manitoba on the incoming solar radiation (SolDn) and PAR at Thompson, Manitoba. The data is again from BOREAS in 1994. The fires were about 100 krn from the measurement site: July 28 (light curves) was cloud free and relatively smoke free, while on July 30 (heavy curves) the northwest prevailing wind, carrying smoke from the forest fires, reduced the total incoming solar radiation by about 32% and the incoming PAR by 42%. The percent reduction in PAR is greater because the smoke aerosol is a stronger absorber in the visible PAR spectral band. Over the northern forests smoke aerosol may exert a significant climatic impact on the SRB, although this will need careful quantitative assessment. It is likely that even forecast models will have to include a prognostic equation tbr aerosol, because of its importance in the SRB. In this admittedly extreme example, of July 30 1994 in Thompson, the global model forecast temperature was high by several degrees at local noon. Typically net radiation (Rnet) during the daytime heats the land surface. Some energy (G) is absorbed in the biomass and the soil (gl 5 %), while the majority is transferred back to the atmosphere as sensible and latent heat. The key issue over land is the partition of this available surface energy (Rnet-G) into sensible (SH) and latem heat (LH) fluxes. The surface Bowen ratio (BR=SH/LH)) varies widely over land: it depends on temperature, the availability of water for evaporation, the entrainment of dry air into the boundary layer (BL) from above and vegetative controls at the surface (see section 2.3). Climatologies exist [e.g., Henning, 1989 ], but the surface BR is poorly 'known because routine measuremeres of this flux partition are sparse. At the extreme of the desert, where water for evaporation is very limited, most of the transfer to the atmosphere occurs as SH, which warms a deep but dry boundary layer. (Over deserts, Rnet itself may be reduced significamly by the large net outgoing longwave radiation [Pielke, 1984] [Stull, 1988] Figure 2 ), is largely spruce with a thick insulating moss layer on the surthce. The differences between the three sites are striking. In the upper curves over the FIFE grassland at 3 9 øN, the 10-cm soil temperature (,short dashes) and 2-m air temperature (solid) track quite closely, while the 50-cm soil temperature (longer dashes) lags a few degrees in summer. At the other extreme at 59øN in Thompson, Manitoba, under the moss surface (covered by deep snow in winter), the soil temperature has a much smaller annual cycle than the air temperature. Indeed, at 50 cm, the seasonal range is barely +3 øC, the melt period in spring lasts nearly 2 months, and the soil is approaching the condition of permafrost. At the jack pine site, where the soil is sand covered only by lichen, the 2-m air temperature (not shown) is almost identical to the spruce site, but the seasonal range of soil temperature is larger. In winter the insulating effect of snow cover limits the seasonal fall of soil temperature. The spring melt of the soil (and freeze in the t•11) introduces a significant thermal seasonal lag into the system, which some global models do not include. In addition, there appears also to be a direct feedback between soil temperature and forest evapotranspiration in spring. It was found during BOREAS [Sellers et al., 1995] that evaporation from the forest in spring stayed low until soil temperature warmed. In Figure 5 , the soil temperature at 50 cm at the spruce site does not rise above freezing until around July 1 (Julian day 182), after the summer solstice. Although the boreal [brest is dotted with numerous lakes, evaporation from them is also low until they warm up relative to the air in late summer and fall. It can be seen that at the morning minimum temperature, the 2-m air is about 30 mbar from saturation, except in October, when it is more unsaturated. The diurnal range of mixing ratio q is relatively small in all months. There is generally a rise of q in the morning, when the BL is shallow and capped by relatively moister air from the BL of the preceding day, and a thll in the afternoon, as the growing BL entrains drier air from higher levels. May shows no aftemoon fall of q, probably because of the higher soil moisture and evaporation. May and June do not reach as low afternoon saturation pressures as the later months July, August, September, and October. This means a lower mean LCL or cloud base in the spring. Probably this reflects the seasonal drying of the surface, although changes in upper air thermodynamic structure may be involved. It is clear that the afternoon maximum of 0 e is controlled mostly by the seasonal shift. The isopleths of 0e=310, 330, 350 K are shown dotted. The rise of 0e from morning minimum to afternoon maximum is around 14 K in all months. As we showed in Figure 5 , the seasonal shift of air temperature for the FIFE site is closely linked to that of the soil temperature.
Atmospheric BL Evolution and Feedback
Over the tropical oceans the surface SH flux and weak downward entrainment of heat at cloud-base balance the radiative cooling of the subcloud layer; while the surface evaporation is transported upward in the shallow cloud layer to balance the drying effect of large-scale subsidence [e.g. Betts, 1975; Betts and Ridgway, 1989] . Episodic precipitation affects the ocean salinity, but has little direct effect on surface evaporation. In contrast, the atmospheric boundary layer (ABL) over land has a strong diurnal cycle forced by the daytime solar heating, and by the daytime surface sensible heat flux. During the daytime the ABL warms and grows rapidly as the surface potential temperature rises, while mixing ratio typically rises and then falls (see Figure 6 ), changing little during the day as the surface evaporation is balanced in the ABL by the downward mixing of dry air from above. During the daytime, the ABL controls that are important for the near-equilibrium conditions over the ocean (subsidence and radiative cooling), are much smaller than the deepening and heating forced by the surface SH flux. However, during the recovery of the system at night, when the surface cools radiatively and uncouples (dew may also be deposited at the surface), the atmosphere above continues to sink slowly and dry with radiative cooling. In the long-term mean, the average of these day and night processes is similar (over moist soils) to the near steady state oceanic case (see section 2. rapidly into the preexisting deep BL. Thereafter, the reestablished deep BL warms only slowly to give an afternoon equilibrium, which is only a little warmer than the previous day. It is clear that sequences of days must be considered to understand the diurnal evolution. Note that although the afternoon 2-m air temperature, and the forest canopy, have reached 30 øC (surface pressure is 983 mbar), the soil at 50 cm below the surface is still frozen at one nearby site, the spruce site in Figure 5 . The low surface evaporation also had the consequence that the afternoon relative humidity at the surface fell as low as 20%. These deep warm BL's were quite common over the boreal forest in spring, a natural consequence of the large solar heating and the low evaporation. This appears to have the synoptic consequence of shifting the main summer baroclinic zone to the north of the boreal forest [Pielke and t ?dale, 1995].
Soil Moisture, BL Entrainment and 0, Balance
The sum of surface SH and LH fluxes are a surface source increasing 0e (see, for example, Betts and Ball, [1995] ). This surface 0 e flux is proportional to the sum of the SH+LH, and it is not affected by the Bowen ratio. It is entrainment of low 0 e air t?om above the BL, together with the deepening of the BL, that reduce the BL 0 e rise, and so feed back on both shallow and even more importantly on precipitating convection. Thus one of the important aspects of the BL evolution over land is how large is entrainment at BL top. The daytime BL over land is primarily thermally generated (in strong winds, shear plays a role), and thus linked to the surface virtual heat flux (which over land is usually dominated by the sensible heat flux). Hence if the surface BR is large, although the surface 0e flux may be unchanged, the large SH flux drives more entrainment, produces a deeper BL, and the diurnal rise of 0, is reduced. 
Comparison of Land and Ocean Surface Energy
Balance
Another perspective on the transition from ocean to dry land is given in Table 1 . This compares the diurnally averaged components of the surface energy balance over land/br the three July-August soil moisture composites (in Figure 8) smooth progressions from dry land to ocean, but the mean 0 e does not. Over land, the values are marginally higher than the ocean, but show little trend. Over land and ocean, the diurnally averaged surface temperature T•fc•T; over land we also show the 10-cm soil temperature. The next colunto is the pressure height of the LCL above the surface. This shows a smooth progression reflecting the trend of surface evaporation. However, the diurnally averaged picture over land is of course misleading. A large diurnal cycle is imposed on these means, illustrated by the last two columns which show TM• and 0 e M• for the land data sets. As shown in Figure 8 , the dry land composite reaches the highest Tu,x, but the wet composite reaches the highest 0e u,x of 361 K. This value is significantly larger than the ocean steady state value of 347 K, despite similar mean surface radiative forcing. Precipitating convection responds on short time scales to BL 0e, and warms the deep troposphere towards a corresponding 0, moist adiabat (typically a virtual adiabat in the lower troposphere, [Betts, in the 24-hour average ground heat flux, and a phase lag of about 2 hours in the surface SH and LH fluxes during the daytime. The EC model (prior to cycle 48) used the first 7-cm soil layer temperature as the surface temperature (T•fc). 
1986])
. Consequently, the high aftemoon 0, over moist However, the systematic errors which had probably the continents will preferentially force diurnally pulsed deep . largest impact on the model performance were in the convection over the continents (as is seen almost daily over subsurface hydrology. The model predicted the soil moisture Amazonia).
Validation and Improvement of New Surface
Parameterizations in Global Models
In a global model, accuracy in the surface fluxes is needed, but this is difficult to achieve over land since they are calculated ti'om the solution of an interacting chain of parameterizations for subsurface and near-surface processes, as well as clouds, radiation and precipitation. It has only been recently that measurements from detailed field programs have been used to explore the systematic errors in these near surface parameterizations in global forecast models. Since this has produced rapid model advances, we shall review for illustration recent experience at ECMWF.
Use of FIFE 1987 Data to Identify Systematic Errors
in the top 7-cm soil layer and the second 42-cm layer. In the design [Blondin, 1991] , it had been intended that these two layers would represent the daily and weekly timescales for the soil memory. Beneath these two predicted layers was a 42-cm "climate layer" with temperature and soil moisture taken from Mintz and Serafini [1992] , and fixed for each month. Betts et al. [1993] found that this hydrology model did not work as intended. The shallow 7-cm layer dried out quickly on successive days without rain. The next predicted 42-cm layer (,which has a larger capacity for moisture storage) is not replenished rapidly during rainfall. It was replenished by hydraulic diffusion with a timescale of order 10 days. Consequently, since the shallow layer dries out quickly, the soil moisture in the next layer is controlled primarily by diffusion from the (specified) climate layer at the base, which had dry values in midsummer. As a result, the model could not maintain high evaporation for more than a few days without 
Impact of Soil Moisture on Precipitation
Forecasts
The introduction of four predicted layers for soil moisture had a large impact on the precipitation forecasts of the ECMWF model on a variety of scales. In agreement with the climate model studies reviewed by Garratt [1993] 
Global Initialization of Soil Moisture Fields
Unlike SST, maps of soil moisture and temperature are not available to initialize a global forecast model. During data assimilation, the model precipitation field and surface fields can be used to drive the subsurface budgets, but the long memory of soil moisture would require long periods of (costly) data assimilation. In addition, it was not known whether the model would drift to its own climate state influenced example by known model errors in the surface radiation budget. Subsequently, this was found to be the case. Instead, the new model cycle 48 was run for 4 years at a spectral resolution of T-63 in an attempt to derive a model soil moisture 'climate' by averaging this 4-year run. However, it was clear that the summer continental precipitation over say the Uuited States was too low and that the model had drifted to a dry soil climate. This drift of the model in climate mode appeared to be a result of an excess of net radiation at the surface associated in part with too little cloudiness in the model [Viterbo and Courtier, 1995] and too little short-wave absorption . This overestimation in models of incoming shortwave radiation at the surface appears to be a widespread error .
A second study using 120-day T-63 simulations for the summer of 1992, showed the sensitivity of the summer precipitation over the Uuited States to the specification of initial soil moisture on May 1. A positive /•edback was apparent between continental-scale soil moisture and precipitation, as has been seen in climate models [Garratt, 1993] . Starting with initially wet soils (corresponding to unstressed evapotranspiration) on May 1, 1992, gave roughly double the continental-scale precipitation for the 3 month (JJA) period than the corresponding simulation starting with low soil moisture (for which the vegetation was stressed). In both simulations the mean soil moisture dried out with the seasonal cycle, but because the moist soil initial condition produced more precipitation, the memory of the initial condition was not lost even in a 120-day forecast. This clearly is an important issue for the initialization of a global (or regional) forecast model. Over the oceans, solving a coupled ocean model can be avoided /br medium-range forecasting by specifying a measured SST as a surface boundary condition, although this is not adequate for seasonal forecasting. Over land, it appeared that the present surface boundary condition could only be determined by long periods of data assimilation and even for this, a model needs a good surface radiation budget (which means in practice realistic cloud fields). In the summer of 1993, this issue was avoided by starting the new operational cycle 48 on July 2 with soil moisture in vegetated areas at field capacity (it had been a wet spring over much of the northern hemisphere), and running a month of data assimilation before operational implementation on August 3. This by chance was Fortunately, a new prognostic cloud-scheme, which had been under development for some time [Tiedtke, 1993] , was implemented in spring 1995. This prognostic cloud scheme has significantly reduced the cloud radiation error over land. Figure 13 illustrates the large reduction in/brecast errors over land that have resulted from these two model changes. over North America (where the improvement was largest), since this is the region of importance to GCIP, but large improvements were also seen in the 500 hPa height and in the surface errors in the northern hemisphere, as well as improvements in the model hydrologic cycle over land.
Conclusions
This review has addressed the land surface-atmosphere interaction t¾om both an observational perspective illustrated by data t¾om the FIFE and BOREAS field programs, and a We have then traced the development and implementation of changes in the ECMWF model, and the large impact they had on model forecast skill, in particular for the period of the July 1993 Mississippi flood. Seasonal forecasting has paid a great deal of attention to the long-term memory of the climate system in the sea surthce temperatures. With the development of forecast models with long-term memory in the land surface soil moisture and temperature, it is clear that improvements in predicting the summer climate over the continents may be possible. We have used the ECMWF experience as illustration. Similar work is in progress at the National Meteorological Center using similar data sets to improve both the regional model and the global medium-range forecast model. We anticipate that the data collection for GEWEX will accelerate the improvement of land surface schemes in both forecast and climate models, until the surface boundary condition over land is as well formulated as that over the ocean. However it is also clear that GEWEX will have to pay more attention to the observation and modeling of the cloud fields. The recent operational implementation of a prognostic cloud scheme [Tiedtke, 1993] in the ECMWF model has confirmed that the fundamental role that clouds play in the surface radiation budget feeds back on forecast skill over land within a few days.
It appears that there are several different feedbacks between the surface, the BL processes, clouds and precipitation on different scales. On the local diurnal scale, the afternoon O• balance is controlled by surface evaporation, which has a negative feedback on the BL-top entrainment of low 0• air. On the regional scale, the spatial distribution of major precipitation systems involves also the accurate prediction of the double BL structure characteristic of the mid-Western United States. Here the upper BL was lbrmed on a previous day and advected as a capping BL over the low level flow from the Gulf of Mexico. On the monthly to seasonal timescale there is a positive feedback between soil moisture, surface evaporation and precipitation on continental scales. The soil moisture (in conjunction with soil temperature) provides a long-term memory in the surface boundary condition as does SST over the oceans. On timescales beyond a few days, however, the coupling between the cloud fields, the surface radiation budget, soil moisture and surface evaporation must all be modeled with some precision.
